Introduction {#S0001}
============

Cancer is a disease in which cell proliferation becomes abnormal and uncontrollable, and it can also involve adjacent tissues in the body. More than 200 different types of cancer are already diagnosed, each of which occur in a specific manner; however, what all of them share is the fact that they all are triggered in the same way: a change in the natural internal structure of a cell. Common features among different types of this disease are: 1) excessive growth signals; 2) failure to respond to anti-growth signals; 3) non-scheduled cell death; 4) limitless proliferation potential; 5) angiogenesis; and 6) tissue invasion and metastasis, such that cancer cells can spread via the bloodstream or lymph to other parts of the body.[@CIT0001],[@CIT0002] Cancer is the second leading cause of death in the world, according to the WHO; in 2015, 8.8 million people died from it. It is estimated that approximately one out of six people die from cancer around the world; this includes deaths from various types of cancer, such as liver (788,000 deaths), colon (774,000 deaths), stomach (754,000 deaths) and breast (571,000 deaths) cancers. There are specific treatments for each type of cancer; however, the main methods used in cancer treatment include surgery, radiotherapy, chemotherapy, hormone therapy (eg, androgen derivatives; ADT) and gene therapy. Diabetes is a common disease that may occur throughout human life, and can be a factor in the occurrence of various types of cancer; also, diabetics are more likely to develop a variety of cancers, such as colon, rectum, pancreas and liver cancers, compared to non-diabetic patients.[@CIT0003] Incidence of various cancers is higher among patients with T2DM due to insulin resistance, and mitogenic effects caused by hyperglycemia.[@CIT0003] Diabetic mellitus is an ancient disease that was discussed at least 3,600 years ago for the first time in Ebers Papyrus (ancient Egypt).[@CIT0004] It was described and categorized as type 1 and 2 by Sushruta and Charaka from about 500 to 600 BC in India.[@CIT0004] The discovery and study of diabetes began with the work of Thomas Willis (1675); he was the first to use the term "mellitus", which meant "honey-sweet" due to the specific odor of the urine of diabetic patients.[@CIT0005][@CIT0005],[@CIT0006] Metformin was first introduced for therapeutic purposes in 1922 by the Dublin chemists Emile Werner and James Bell.[@CIT0007] They found that this compound reduces the amount of glucose in rabbits; however, unlike other similar compounds, it does not affect blood pressure and heart rate.[@CIT0008] Metformin is a biguanide and is extracted from the herb Galega officinalis (French lilac, also known as goat's rue or Italian fitch); and it used to treat patients with type II diabetes.[@CIT0009]--[@CIT0015] Biguanides, including metformin, phenformin, and buformin, were initially used for therapeutic applications for short periods of time; however, since phenformin and buformin cause the production of poison and lactic acid, they are not used anymore.[@CIT0016],[@CIT0017] Therefore, today, metformin (N-N-dimethybiguanide hydrochloride, [Figure 1](#F0001){ref-type="fig"}) is a commonly used drug due to its known anti-diabetic properties.[@CIT0016],[@CIT0017],[@CIT0018]Figure 1Molecular structure of metformin.

Metformin is a very widely used drug in today's societies due to its specific effects in treating type II diabetes. Metformin decreases fasting and post-fasting glucose, the surrogate marker of glycemic control HbA1c (1--1.5%) and insulin resistance.[@CIT0019] Metformin reduces glycogenesis through adenosine monophosphate-activated kinase (AMPK) signaling, and thus increases glucose uptake in muscle cells in diabetic patients, which leads to a decrease in glucose and insulin levels.[@CIT0019]--[@CIT0025] It has been shown that this drug can also be used in patients with T1DM, gestational diabetes and pre-diabetes. Based on several clinical trials on animal models in different atmospheres, metformin has shown beneficial therapeutic effects on metabolic syndrome, NAFLD (non-alcoholic fatty liver disease) and hyperlipidemia.[@CIT0026]--[@CIT0034] The unique features of metformin that distinguish it from other anti-diabetic drugs are that it is cheap and harmless, and has minimal side effects; also, there is evidence of increased survival among patients taking this medication.[@CIT0010],[@CIT0022] Another advantage of metformin is that it can be used along with other anti-diabetic drugswith problems.[@CIT0009] One of the current therapeutic applications of metformin is in the treatment of polycystic ovarian syndrome (PCOS).[@CIT0010],[@CIT0020],[@CIT0035]

The hypothesis that biguanides can be used to treat cancer was raised by the introduction and use of phenformin; however, because of the limitations of phenformin (toxicity), metformin is currently the ideal candidate for cancer treatment trials.[@CIT0020] Based on recent analyses and studies, metformin reduces the proliferation of cancer cells and the possibility of malignancies in different types of cancer, including gastric carcinoma, pancreatic cancer, uterine cancer, medullary thyroid cancer[@CIT0018] and a number of other cancers, such as prostate, colon, pancreas, and breast, as presented in this review. It has also been shown that the use of metformin alone or along with radiotherapy reduced tumor growth in different cancers, such as ovarian, melanoma, prostate, and breast cancer, in a variety of animal models.[@CIT0018],[@CIT0019] Generally, metformin inhibits mTOR activity by activating ATM (ataxia telangiectasia mutated), LKB1 (liver kinase B1) , and then AMPK; and thereby, it prevents protein synthesis and cell growth.

In this review, we attempt to describe the various explanations for metformin and its therapeutic effects in the following sections: biology of metformin, molecular mechanism of metformin in cancer cells, metformin and clinical studies, metformin and cancer, clinical trials of metformin in cancer treatment, metformin and radiotherapy, conclusion, and future vision. We also discuss metformin and its effects on treatment and prevention of various cancers in diabetic and non-diabetic patients, so that we can observe progress in cancer prevention and treatment. The goal of this review is to update the research field on the multiple roles of metformin in cancer prevention and treatment. In this review, we have searched Web of Science and PubMed databases and finally used a total of 98 published articles to summarize the recent advances in cancer treatment and prevention with metformin. All abbreviations used in this review are shown in Table 3.Table 1A summary of clinical studies of metformin effects on cancersStudyNumber of PatientsYearInterventionOutcomeCancer TypeTaiwan National Health Insurance Data Survey Lee MS et al[@CIT0071]Total: 12,005Patients using metformin: 4,5972011Drug: metformin\
(orally)Metformin reduces the chance of cancers up to 88%VariousDecensi et al[@CIT0072]Total: 4,042 cancer events and 529 cancer deaths2010Drug: metformin\
(orally)Likelihood of developing cancers in patients using metformin is 30% lower than that of patients taking other drugsVariousBowker et al[@CIT0090]1,0002006Drug: metformin, sulfonylurea and insulinIncidence of death of medications users: 3.5, 4.9 and 8.8 respectivelyVariousLandman et al[@CIT0073]1,3532010Drug: metforminMortality was lower in patients taking metforminVariousCurrie et al[@CIT0074]60,0002009Drug: metformin, sulfonylurea and insulinPatients who use insulin or other similar drugs compared to metformin users are more likely to have solid cancers in futureColon, pancreas, breast and prostateSoranna et al[@CIT0075]Not provided2012Drug: metformin and sulfonylureaMetformin, but not sulfonylurea, appears to reduce subsequent cancer riskVariousNoto et al[@CIT0076]Patients using metformin: 21,195Cases of death from cancer in these patients: 9912012Drug: metforminThe use of metformin in diabetic patients was associated with significantly lower risks of cancer mortality and incidenceVariousLibby et al[@CIT0088]8,0002009Drug: metforminCancer was diagnosed in 7.3% of metformin users compared with 11.6% of non-usersVariousHigurashi et al[@CIT0077]4982016Drug: metforminLow-dose metformin reduced the prevalence and number of metachronous adenomas or polyps after polypectomy and metformin has a potential role in the chemoprevention of colorectal cancerColorectal adenoma or polypsJoshua et al[@CIT0078]242014Drug: metforminNeoadjuvant metformin is well tolerated prior to radical prostatectomy and data to date indicate promising effects on metabolic and tissue proliferation and signalling parametersProstate cancerCampagnoli et al[@CIT0079]1252012Drug: metforminUsing of metformin reduced the level of testosterone and insulin and its destructive effects, such as insulin resistanceBreast cancerEvans et al[@CIT0092]Not provided2005Drug: metforminUsing metformin decreased cancer incidenceVariousMonami et al[@CIT0080]1952009Drug: metformin and sulfonylureaExposure to metformin for more than 36 months was associated with a significant\
reduction in the risk of cancerVariousHome et al[@CIT0081]1052010Drug: metformin, rosiglitazone and glibenclamideNo difference in cancer incidence between patients treated with metformin and patients\
treated with rosiglitazoneVariousBaur et al[@CIT0082]7,0002010Drug: metformin and insulinPatients on metformin had a lower prevalence of malignancies, comparable with that among nondiabetic patientsVariousLi D et al[@CIT0082]9732009Drug: insulin, insulin secretagogues, metformin, and other antidiabetic medicationsMetformin use was associated with reduced risk, and insulin or insulin secretagogue use was associated with increased risk of pancreatic cancer in diabetic patients.Pancreatic cancerBerstein et al[@CIT0084]902010Drug: metformin, sulfonylurea and insulinBetter treatment in women who were treated with metformin compare with sulfonylurea or insulinBreast canceRieken et al[@CIT0085]Total: 6,863Patients with T2DM on metformin: 287Patients with T2DM on other antidiabetic medications: 3772014Drug: metforminBetter RFS in patients treated with radical prostatectomy for prostate cancerProstate cancerSpratt et al[@CIT0086]Total: 2901 patients157 on metformin162 diabetic non-metformin2,582 nondiabetic2013Drug: metforminUsing metformin may improve patients' PSA, RFS, OS, and reduce the development chance of prostate cancerProstate cancerMargel et al[@CIT0087]3,8372013Drug: metforminUsing metformin decreases both likelihood of relapse and mortalityProstate cancer Table 2A summary of clinical trials studies of metformin effects on cancersStudyNCT NumberStatusParticipantsPeriodInterventionCancer TypeOutcomeA Phase III randomized trial of metformin vs placebo in early stage breast cancerNCT01101438\
(L <https://clinicaltrials.gov/ct2/show/NCT01101438?term=NCT01101438&rank=1> ink)Active3,582 (original estimated enrollment)18 years to 74 years (adult, older adult)All sexApril 9, 2010 to February 2022 (Estimated Primary Completion Date)Drug: metformin\
(twice a day for 5 years after diagnosis, given orally) Other: placebo (given orally)Breast cancerMetformin improved patients' PFSA randomized Phase II study of chemotherapy ± metformin in metastatic pancreatic cancerNCT01167738\
(Link)\
 <https://clinicaltrials.gov/ct2/show/NCT01167738?term=NCT01167738&rank=1>Terminated82 (original estimated enrollment)18 years to 75 years (adult, older adult)All sexJuly 21, 2010 to December 2014Drug: capecitabine, cisplatinum, epirubicine, gemcitabine and metforminPancreatic cancerMetformin improved patients' PFS with combination of chemotherapy compared to combined chemotherapy aloneA Phase II, randomized, placebo controlled study to evaluate the efficacy of the combination of gemcitabine, erlotinib and metformin in patients with locally advanced and metastatic pancreatic cancerNCT01210911\
(Link)\
 <https://clinicaltrials.gov/ct2/show/NCT01210911?term=NCT01210911&rank=1>Completed12018 years to 80 years (adult, older adult)All sexSeptember 28, 2010 to February 2014Drug: gemcitabine, erlotinib, metformin and placeboPancreatic cancerMetformin improved patients' PFSProspective study of metformin in castration-resistant prostate cancerNCT01215032\
(Link)\
 <https://clinicaltrials.gov/ct2/show/NCT01215032?term=NCT01215032&rank=1>Terminated106 (original estimated enrollment)Child, adult, older adultMaleOctober 4, 2010 to January 2015Drug: metformin\
(taken orally twice daily each 28-day cycle, for 12 cycles)Prostate cancerMetformin improved patients' PSAA Phase II single arm study to examine the effects of metformin on cancer metabolism in patients with early stage breast cancer receiving neoadjuvant chemotherapyNCT01266486\
(Link)\
 <https://clinicaltrials.gov/ct2/show/NCT01266486?term=NCT01266486&rank=1>Completed4118 years and older (adult, older adult)All sexDecember 23, 2010 to May 2014Drug: metformin\
(extended release metformin 1,500 mg once daily for 14--21 days)Breast cancerMetformin activates AMPK and reduces the levels of 4E-BPs and S6KsA randomized Phase II, double blind trial of standard chemotherapy with metformin (vs placebo) in women with metastatic breast cancer receiving first, second, third or fourth line chemotherapy with anthracycline, taxane, platinum, capecitabine or vinorelbine based regimensNCT01310231\
(Link)\
 <https://clinicaltrials.gov/ct2/show/NCT01310231?term=NCT01310231&rank=1>Completed4018 years to 75 years (adult, older adult)FemaleFebruary 18, 2011 to July 14, 2016Drug: metformin (metformin 850 mg bid in addition to standard chemotherapy)Other: placebo (placebo bid in addition to standard chemotherapy)Metastatic breast cancerMetformin improved patients' overall response rate (ORR)Phase II study evaluating the efficacy of the combination of metformin to neoadjuvant radiochemotherapy in the treatment of locally advanced rectal cancerNCT02437656\
(Link)\
 <https://clinicaltrials.gov/ct2/show/NCT02437656?term=NCT02437656&rank=1>Completed6018 years and older (adult, older adult)All SexMay 5, 2015 to March 2017Drug: metformin (850 mg 2 times/day and 850 mg 3 times/day)Rectal cancerMetformin improved patients' sphincter preservation rate (SPR)Clinical and biologic effects of metformin in early stage breast cancerNCT00897884\
(Link)\
 <https://clinicaltrials.gov/ct2/show/NCT00897884?term=NCT00897884&rank=1>Completed4018 years to 70 years (adult, older adult)FemaleMay 8, 2009 to July 2011Drug: metformin (500 mg tablet, taken 3 times a day for 2--3 weeks)Breast cancerMetformin can reduces cell proliferation rates in tumor tissueA Phase I trial of lapatinib in combination with 1) sirolimus or 2) metformin in advanced cancerNCT01087983\
(Link)\
 <https://clinicaltrials.gov/ct2/show/NCT01087983?term=NCT01087983&rank=1>Completed118Child, adult, older adultAll sexMarch 15, 2010 to September 2015Drug: lapatinib (starting oral dose of 500 mg daily for 21)Drug: sirolimus (starting oral dose 1 mg daily)Drug: metformin (starting oral dose 1,000 mg daily)Advanced cancersLapatinib when used in\
combination with metformin will have beneficial effects in advanced cancerPre-surgical trial of metformin in patients with operable breast cancerNCT00984490\
(Link)\
 <https://clinicaltrials.gov/ct2/show/NCT00984490?term=NCT00984490&rank=1>Terminated30 (original estimated enrollment)18 years and older (adult, older adult)Not providedSeptember 24, 2009 to July 2010Drug: metformin (metformin: 850 mg orally twice daily for 7--21 days, discontinued 24--36 h prior to surgery)Other: laboratory biomarker analysis (blood and tissue collection to determine the in situ biologic effect of metformin)Breast cancerMetformin changes proliferation\
(Ki67) and apoptosis before and after treatment in women with operable\
stage I or II breast cancerAPhase II evaluation of metformin, targeting cancer stem cells for the prevention of relapse in patients with stage IIC/III/IV ovarian, fallopian tube, and primary peritoneal cancerNCT01579812\
(Link)\
 <https://clinicaltrials.gov/ct2/show/NCT01579812?term=NCT01579812&rank=1>Completed9019 years to 79 years (adult, older adult)FemaleMarch 30, 2012 to June 2017Drug: metforminOvarian, fallopian tube, and primary peritoneal cancerMetformin improved patients' RFSAPhase II study of metformin plus modified FOLFOX 6 in patients with metastatic pancreatic cancerNCT01666730\
(Link)\
 <https://clinicaltrials.gov/ct2/show/NCT01666730?term=NCT01666730&rank=1>Active, not recruiting5018 years and older (adult, older adult)All sexAugust 14, 2012 to March 2019 (estimated study completion date)Drug: metformin (given orally) oxaliplatin, leucovorin calcium, and fluorouracil (given IV)Other: laboratory biomarker analysis correlative studies1. Acinar cell adenocarcinoma of the pancreas\
2. Duct cell adenocarcinoma of the pancreas\
3. Recurrent pancreatic cancer\
4. Stage IV pancreatic cancerMetformin improved patients' PFS and OSAn exploratory study of metformin with or without rapamycin as maintenance therapy after induction chemotherapy in subjects with metastatic pancreatic adenocarcinomaNCT02048384\
(Link)\
 <https://clinicaltrials.gov/ct2/show/NCT02048384?term=NCT02048384&rank=1>Active, not recruiting2218 years and older (adult, older adult)All SexJanuary 23, 2014 to December 2020Drug: metformin aloneDrug: rapamycin + metforminMetastatic pancreatic adenocarcinomaMetformin inhibits mTOR activity peripheral blood mononuclear cells (PBMC) of subjects treated with metformin with or without rapamycinPhase II study of metformin in a pre-prostatectomy prostate cancer cohortNCT01433913\
(Link)\
 <https://clinicaltrials.gov/ct2/show/NCT01433913?term=NCT01433913&rank=1>Completed2018 years and older (adult, older adult)MaleSeptember 9, 2011 to April 2014Drug: metformin and placebo (given orally)Other: laboratory biomarker analysis correlative studies1. Adenocarcinoma of the prostate\
2. Recurrent prostate cancer\
3. Stage I prostate cancer\
4. Stage IIA prostate cancer\
5. Stage IIB prostate cancerMetformin has effects on apoptosis, cell cycle regulation, mTOR regulation, angiogenesis and AMPK activation that lead prevents cancer cells growthEffect of the addition of metformin hydrochloride on the prognosis of patients with B-cell precursor (Ph+ negative) acute lymphoblastic leukemia with high expression of ABCB1 geneNCT03118128\
(Link)\
 <https://clinicaltrials.gov/ct2/show/NCT03118128?term=NCT03118128&rank=1>Completed10218 years to 70 years (adult, older adult)All sexJanuary 1, 2015 to December 1, 2016Drug: metformin\
(metformin 850 mg PO three times a day plus prednisone in one 7-day cycle as pre-treatment and during the 28 days induction remission treatment, consolidation therapy and maintenance)Acute lymphoblastic leukemiaBeneficial effects of metformin on relapse rate and patients' RFSAPphase I study of temsirolimus in combination with metformin in advanced solid tumorsNCT00659568\
(Link)\
 <https://clinicaltrials.gov/ct2/show/NCT00659568?term=NCT00659568&rank=1>Completed2818 years and older (adult, older adult)All sexApril 15, 2008 to February 2010Drug: metformin hydrochlorideDrug: temsirolimus1. Breast cancer\
2. Endometrial cancer\
3. Kidney cancer\
4. Lung cancer\
5. Lymphoma\
6. Unspecified adult solid tumor, protocol specificMetformin improved patients' survival and has antitumor activity, including tumor response rate and time to progressionPhase II study of metformin and 5-fluorouracil in patients with advanced colorectal cancer previously treated with oxaliplatin and irinotecan based chemotherapyNCT01941953\
(Link)\
 <https://clinicaltrials.gov/ct2/show/NCT01941953?term=NCT01941953&rank=1>Completed5016 years and older (child, adult, older adult)All sexSeptember 4, 2013 to November 2014Drug: metformin and fluorouracil (metformin 850 mg PO BID plus 5FU 425 mg/m2+ leucovorin 50 mg IV weekly)Metastatic colorectal cancerMetformin improved patients' OS and PFSA pilot study of metformin as a chemoprevention agent in non-small cell lung cancerNCT01717482\
(Link)\
 <https://clinicaltrials.gov/ct2/show/NCT01717482?term=NCT01717482&rank=1>Active, not recruiting2418 years and older (adult, older adult)All sexOctober 25, 2012 to June 2019Drug: metforminOther: placebo comparator (standard of care observation)1. Lung neoplasms\
2. Carcinoma, non-small-cell lungMetformin decreased level of Ki67

Biology of metformin {#S0002}
====================

According to the literature, the anti-carcinoma effects of metformin are often results of the following mechanisms: 1) activating LKB1 and AMPK and inhibiting mTOR activity; 2) inhibiting protein synthesis; 3) stopping the cell cycle; 4) triggering apoptosis and autophagy by p53 and p21; 5) decreasing blood insulin levels; 6) inhibiting the unfolded protein response (UPR); 7) activating the immune system; 8) destructing cancer stem cells; 9) preventing angiogenesis; and 10) reducing hyperlipidemia.

Metformin inhibits mTOR (the mammalian target of rapamycin) activity by activating AMPK and LKB1, resulting in protein synthesis and cell growth.[@CIT0015],[@CIT0022],[@CIT0023],[@CIT0024] Naturally, in hyperglycemic cells, LKB1 levels are low and glucose production processes increase due to the low sensitivity of insulin receptors. Metformin during the chain processes activates LKB1 and, therefore, AMPK activity, thereby inhibiting mTOR activity.[@CIT0018],[@CIT0020] All of these actions will probably reduce protein synthesis and angiogenesis. The result of AMPK activity is disruption in two processes that both play a very important role in cell growth: 1) mTOR; 2) elongation of factor 2. AMPK also inhibits mTOR activity through two methods: 1) phosphorylating co-signaling molecules, 2) activating TSC2 (tuberculous sclerosis complex 2). AMPK inhibits mTOR activity by phosphorylation of TSC2; it also can directly phosphorylate co-signaling molecules, which results in attachment of these molecules to mTOR, and the inhibition of mTOR activity.[@CIT0018],[@CIT0020],[@CIT0036] Evidence suggests that the presence of mTOR is required for the activity of a factor called hypoxic inducible factor (HIF-1). HIF-1 is a key regulator of transcription that enables genes and cells to adapt to hypoxia and can cause cancer cell resistance in radiotherapy. Therefore, AMPK can indirectly inhibit HIF-1 activity and the growth of cancer cells in hypoxia.[@CIT0018],[@CIT0020]

According to Anisimov et al, metformin reduces the risk of cancer. They obtained this result from experiments on breast cancer cells in mice.[@CIT0037] One of the reasons for extensive studies on breast cancer cells is the treatment of these cells by metformin, which will be able to prevent the growth of breast cancer cells by AMPK and LKB1 by inhibition of translation in breast cancer cells. Also, metformin has been shown to inhibit mTOR activity by reducing phosphorylation of S6Ks (ribosomal protein S6 kinase). An interesting point regarding metformin is its ability to prevent aromatase, which is involved in estrogen production, which can then prevent the growth and spread of tumors in the breast. For this reason, metformin can be used as a complementary therapeutic method for the treatment of breast cancer.[@CIT0018],[@CIT0020],[@CIT0038],[@CIT0039]

Metformin may also prevent the encoding of genes that are responsible for the production of ribosomal proteins or proteins involved in the expression of other genes. An interesting point about cancer cells is the expression and enhancement of insulin-like growth factor receptor (IGF-R). IGF is a growth factor similar to insulin, and its activity leads to cell growth. The activity of these receptors or IGF-R in the cell leads to increased glucose uptake and high cell proliferation. Insulin also reduces the IGF-binding proteins (such as IGFBP-I, IGFBP-II, IGFBP-III), and therefore, the level of IGF increases in the blood resulting in cell growth and proliferation.[@CIT0017],[@CIT0020],[@CIT0040] Generally, hyperinsulinemia causes a lot of problems including increased levels of IGF, epithelial tissue proliferation and increased variation steroid sexual hormones in the body of patients. Increased levels of IGF in the blood cause other problems, including increased angiogenesis.

Another anti-cancer activity of metformin is the prevention of UPR activity. UPR is a vital activity for the survival of cells. When the cell is in stress conditions (blood glucose reduction) this activity will increase in the cell and resolve its needs. Metformin inhibits UPR activity in stressed conditions, according to studies, and forces cancer cells to undergo apoptosis and ultimately die.[@CIT0041] It has also been shown that metformin prevented cell growth in breast carcinoma by decreasing HER2 (erb-B2, epidermal growth factor receptor 2) level.[@CIT0003],[@CIT0016] Several studies suggest selective elimination of cancer stem cells due to the use of metformin. For example, Hirsch et al stated that the use of low doses of metformin eliminates cancer cells selectively. Other researchers have also shown that the use of metformin along with chemotherapy reduces not only the size of the tumor but also the risk of malignity and tumor displacement to other organs in the body.[@CIT0042],[@CIT0043]

Molecular mechanism of metformin in cancer cells {#S0003}
================================================

Metformin is thought to have an anti-tumor effect by lowering insulin levels and disabling the mammalian target of rapamycin (mTOR) in the cell. Metformin is introduced into the cell via OCT-3 and OCT-1 (organic cation transporter 1, 3) and affects complex I of the electron transfer chain (ETC) and the enzyme called mGPD (mitochondrial glycrophosphate 3 dehydrogenase);[@CIT0044]--[@CIT0046] thereby, it blocks complex I activity, reduces oxygen consumption and the production of ATP (adenosine triphosphate), and puts the cell under stress conditions.[@CIT0047]--[@CIT0054] With inhibition of complex I activity and reduction of ATP, the level of AMP (adenosine monophosphate) will increase within the cell. The increase of the ratio of AMP to ATP, or in other words, increase of the level of AMP in the cell, activates AMPK, which is an energy sensor.[@CIT0048]--[@CIT0060] Generally, AMPK plays a significant role in regulating the amount of energy in the cell, and its activity in the cell enhances catabolism processes (that increase ATP) and reduces anabolism processes (that reduce ATP). ADP also prevents the dephosphorylation of AMPK. Another effect of AMP increase in the cell is the inhibition of adenylate cyclase activity, through which glucagon effect is neutralized and glycogenosis is reduced. One of the metformin anticancer effects reported in several studies is the activation of ATM and LKB1.[@CIT0018],[@CIT0024],[@CIT0061] Both LKB1 and ATM are proteins that play an important role in controlling and regulating the cellular cycle. LKB1 is a tumor suppressor, and its activity results in apoptosis or cellular autophagy and it regulates AMPK activity in the cell. ATM, as well as LKB1, is a tumor suppressor. ATM responds to the metformin introduction into a cell by phosphorylating LKB and thereby activates AMPK.[@CIT0018],[@CIT0024],[@CIT0061]

Here some vital points need to be stated regarding the insulin mechanism in diabetic patients. In general, when food enters the human body, liver cells increase levels of IGF, IGF-receptor, and insulin-receptor. Next, mTOR is indirectly activated in the chain processes of signal transmitting from IRS (insulin receptor substrate) to PI3K (phosphoinositide 3-kinase) and then Akt (PKB, protein kinase B), and inactivating TSC2.[@CIT0062] TSC2 is a tumor suppressor, and activated mTOR inhibits its activity. With the activation of mTOR in the cell, cell growth, and proliferation increase. There is evidence of an anticancer effect of metformin through the inhibition of mTOR activity.[@CIT0017] Many studies indicate an increased risk of cancers as a result of increased mTOR activity. On the one hand, some studies have shown that metformin lowers the level of insulin and mTOR activity.[@CIT0018],[@CIT0020],[@CIT0022],[@CIT0023],[@CIT0024] Therefore, considering this evidence, metformin may reduce the growth and proliferation of cancer cells; then it can be used for the complementary treatment of cancer. According to in vivo and in vitro results, metformin, by reducing the expression of G1 cyclins, causes a barrier against the activity of the G1 cell cycle and thus halts the cycle of the cell.[@CIT0004],[@CIT0024]

Generally, metformin has anti-tumor effects through two mechanisms: 1) a direct mechanism (independent of insulin); and 2) an indirect mechanism (insulin-dependent). In the indirect mechanism, metformin activates AMPK, which results in AMPK preventing the transcription of the gene responsible for glycogenesis in liver cells ([Figure 2](#F0002){ref-type="fig"}). In this process, glycogenosis decreases and, as a result, glucose uptake in muscle cells increases. Glucose uptake in the muscle cells leads to a decrease in blood glucose levels and subsequently insulin levels. Since high levels of insulin in the blood, due to the high number of insulin receptors in the cancer cells, have mitogenic effects and can cause tumor growth and proliferation, reducing insulin levels in the blood reduces the likelihood of malignity and prevents cancer cell proliferation.[@CIT0020]--[@CIT0024] It should also be noted that patients with type II diabetes, due to the low sensitivity of their cells to insulin (insulin resistance) compared to other patients, are more at risk for various types of cancers due to mitogenic effects of insulin that cause excessive cell growth. For example, several studies have shown metformin use to lower insulin levels in the blood for the treatment of breast cancer in women.[@CIT0010],[@CIT0020] Studies have also shown that there is an increased risk of various cancers, including colon, breast, pancreas and uterus cancers in diabetic and obese patients.[@CIT0020] The direct effect of metformin (independent of insulin) is related to the activation of AMPK and the inhibition of mTOR activity.[@CIT0063]--[@CIT0066] The activation of AMPK during the above-mentioned process results in activation of TSC2, and thus mTOR activity reduction. Preventing mTOR activity reduces the levels of 4E-BPs (4E-binding proteins) and S6Ks (ribosomal protein S6 kinase) factors and decreases protein synthesis and proliferation. Thus, the metformin affects AMPK and mTOR and inhibits cancer cell growth and proliferation.[@CIT0004],[@CIT0010],[@CIT0021] Other studies have also shown that activation of AMPK can reduce fatty acid synthase (FAS).[@CIT0010],[@CIT0024] On the other hand, AMPK can activate ACC (acetyl coenzyme A carboxylase) and thus can increase the level of ATP in the cell.[@CIT0010],[@CIT0023] ACC is responsible for the cellular metabolism regulation by reducing anabolism processes and increasing catabolism processes.[@CIT0023] Figure 2Overview of the indirect (**A**) and direct (**B**) molecular mechanism of metformin.

Clinical studies of metformin on cancer therapy {#S0004}
===============================================

One of the advantages of metformin, which demonstrates its high potential for increasing the therapeutic response in cancer cells observed in several animal models, is the prevention of the proliferation and growth of tumors. For example, there is evidence for metformin preventing the growth of cancer cells in lung, prostate, colon, and genograph.[@CIT0067]--[@CIT0070] Since 2005, metformin has been reported to reduce the risk of cancer by up to 23% worldwide. For example, the results of the Taiwan National Health Insurance Data Survey, which included a community of 12,005 patients taking metformin from 2000 to 2007 and a population of 4,597 patients taking other oral medications, indicated that using metformin reduces the chance of any type of cancers up to 88%.[@CIT0009],[@CIT0071] According to the results of Decensi et al (2010), the likelihood of developing cancer in type II diabetic patients using metformin is 30% lower than that of patients taking other drugs.[@CIT0018],[@CIT0072] Therefore, taking into account the above-mentioned results, it can be concluded that the mortality due to cancer among patients taking metformin will be less. Moreover, the results of the ZODIAC trial showed a lower incidence of death among metformin-taking patients.[@CIT0020],[@CIT0073] One of the largest studies on the probability of cancer incidence examined 60,000 patients and showed that patients who use insulin or other similar drugs are more likely to have solid cancers in the future, compared to metformin users.[@CIT0020],[@CIT0074] In a similar study, Bowker et al examined three groups of T2DM patients who used sulfonylurea, insulin, and metformin and reported that mortality risk was higher in the first two groups of patients compared to metformin-taking patients. In their study, the incidence of death per 1,000 patients taking sulfonylurea, metformin, and insulin, who were under observation for one year, was 4.9, 3.5 and 8.8, respectively.[@CIT0020] According to Soranna et al patients using sulfonylurea were more prone to different types of cancers than those who used metformin to control their diabetes.[@CIT0075] Noto et al studied risk ratio (RR) of 21,195 diabetic patients and reported a lower risk of developing cancers and deaths due to cancers among diabetic patients who used metformin to control their diabetes.[@CIT0076]

A recent study conducted by Libby et al on 8,000 T2DM patients suggested a lower incidence of cancer for those who use metformin (7.3%) than those who do not use metformin.[@CIT0010] According to the results of Higurashi et al the use of metformin (in low doses) in one year reduced the likelihood of occurrence of metachronous colorectal adenomas (MCA) and polyps in patients who had polypectomy.[@CIT0077] Some other studies have also shown that metformin can inhibit the proliferation of cancer cells of breast, uterus, ovary, colon, and prostate. For example, Joshua et al, examining the prostatectomy samples of non-diabetic patients who used metformin for a short time (41 days) before surgery, found that Ki67 (a marker for cell proliferation) in these cells decreased by 30% per person.[@CIT0078] According to studies conducted on non-diabetic women with early-stage breast cancer, the use of metformin in this group reduced the amount of insulin by 22%. Furthermore, according to a study by Campagnoli et al on women with breast cancer, the use of metformin reduced the level of testosterone and insulin and its destructive effects, such as insulin resistance.[@CIT0079]

Moreover, another study conducted by Monami et al, following up 195 patients over a period of 9.6 years, stated that exposure to metformin for more than 36 months was associated with a significant reduction in the risk of cancer.[@CIT0080] Results of the data analysis from a study by Home et al revealed no difference in cancer incidence between patients treated with metformin and patients treated with rosiglitazone, without refuting the possibility of a difference compared with sulfonylureas.[@CIT0081] A recent larger study by Baur et al revealed that included more than 7,000 patients found a higher prevalence of malignancies (66/1,308 patients) in subjects with type 2 diabetes mellitus compared to nondiabetic subjects (185/6,211 patients) before and after adjustment for several confounding factors.[@CIT0082] Also, Li D et al examined whether metformin use is associated with better outcomes after chemotherapy in various types of cancer, and found that diabetic patients who had taken metformin had a significantly lower risk of pancreatic cancer compared with those who had not taken metformin.[@CIT0083] Berstein et al analyzed the receptor status of breast carcinomas in 90 post-menopausal women affected with diabetes mellitus type 2 who had been cured, for not less than one year prior to surgery, with different modes of antidiabetic therapy, including a dietary treatment only, sulfonylurea preparations, insulin therapy, and metformin as a monotherapy or in combination with sulfonylurea derivatives. The outcomes for this study recommended that metformin is a better treatment model in women, compared with sulfonylurea or insulin.[@CIT0084] Other researchers also examine the effects of metformin in patients with prostate cancer (diabetic or non-diabetic). For example, Rieken et al reported better recurrence-free survival (RFS) in 6,863 patients treated with radical prostatectomy.[@CIT0085]Also according to the results of Spratt et al using metformin may improve patients' PSA, RFS, OS, and reduce the development chance of prostate cancer.[@CIT0086] Finally, based on the study by Margel et al, using metformin decreases both the likelihood of relapse and mortality in patients with prostate cancer.[@CIT0087] Other clinical studies are summarized and shown in [Table 1](#T0001){ref-type="table"}.

Metformin in cancer prevention and therapy {#S0005}
==========================================

There are a number of published studies and observations that indicate a reduction in the risk of cancer and its mortality among diabetic patients that use metformin in doses of 1,500--2,250 mg per day.[@CIT0088]--[@CIT0091] Evans et al explained that the likelihood of incidence of cancer in patients who use metformin is less than those who do not use this drug.[@CIT0092] In addition, a study on 2,529 women with breast cancer suggested an increase in pCR (pathologic complete response) among diabetic patients using metformin compared to diabetic and non-diabetic patients not using metformin.[@CIT0016] Recent studies also show that even using low doses of metformin reduces the risk of rectal cancer, as metformin inhibits the growth of cancer cells and reduces their proliferation. For example, according to some evidence, metformin has been shown to inhibit the proliferation of breast, prostate, colon, uterine, ovarian, and glioma cancer cells.[@CIT0037],[@CIT0042] Metformin anti-proliferative effects on cancer cells are associated with AMPK activation, inactivation of the mTOR mechanism, reduction of EFGR (epidermal growth factor receptor) and MAPK (mitogen-activated protein kinase), reduction in the expression and activity of cyclins and expression of p27 gene. Since mTOR function in cells is the growth and synthesis of proteins and production of fat, therefore, metformin inhibits the growth and proliferation of cells by inhibiting mTOR activity.[@CIT0036],[@CIT0061],[@CIT0065] The use of metformin improves the RFS (n=623) and OS (n=1,936) and cancer-specific survival (CSS) (n=533) indicators in patients with colorectal cancer.[@CIT0093] Also, Langley et al, one of the great oncologists in the UK, regarding the effectivity of metformin in the treatment of cancer, stated that patients taking metformin had a better recurrence-free overall (RFO) and CSS than those who did not use metformin.[@CIT0022] There is also evidence of a reduction in the proliferation of cancer cells in colon cancer. For example, according to Hosono et al, low doses of metformin (250 mg/day) were associated with the destruction of aberrant crypt foci (ACE) which is a marker related to the presence of colon cancer.[@CIT0094]

According to different published studies, the use of metformin (high doses) reduces the likelihood of death in patients with colorectal cancer. This study was carried out in 2001--2006 on diabetics who used metformin prior to the diagnosis of cancer (n=207), and diabetic (n=108) and non-diabetic patients (n=3,501) who did not use metformin.[@CIT0021] Also, according to Garrett's results, the use of metformin reduced the likelihood of mortality in patients with colorectal cancer grade one to four by 40%.[@CIT0095] Metformin also improves RFS, OS, and CSS indicators in patients with prostate cancer.[@CIT0093] Prostate cancer is one of the common diseases in societies and the second leading cause of death among men.[@CIT0010] According to some evidence, metformin can be used to treat cancers such as prostate cancer. For example, several studies have reported an increase in OS index and a reduction in prostate cancer risk due to metformin use.[@CIT0010] Moreover, according to a study on patients with prostate cancer (early stage), metformin users had a better OS, CSS, and RFO. According to an analysis of patients with prostate cancer, metformin reduced the likelihood of recurrence of disease by 18%.[@CIT0011] Oliveria et al also showed that the use of metformin in diabetic patients reduces the risk of pancreatic cancer.[@CIT0096] Ruiter et al investigated the risk of pancreatic cancer in patients taking metformin and sulfonylurea and indicated that using metformin reduces the risk of pancreatic cancer.[@CIT0097]

Metformin also improves RFS (n=271) in patients with breast cancer; no change in the OS index (n=2,045) have been reported in this study population.[@CIT0093] According to the results of Bodmer et al the risk of breast cancer in people taking metformin for more than 5 years was decreased.^98^ Furthermore, according to the results of research by Jiralespnog et al on diabetic (n=155) and non-diabetic (n=2,374) patients with breast cancer, pathologic complete remission (pCR) of patients taking metformin along with chemotherapy was higher compared to patients who did not receive metformin.[@CIT0099] Other related studies have also shown that metformin has reduced the likelihood of developing liver cancer by 62% in T2DM patients.[@CIT0017] There are studies regarding head and neck cancer that show an increase in RFS and CSS as a result of metformin use (there is no change in the OS).[@CIT0093] This study also indicates increased OS in lung cancer or increased RFS and OS in cervical cancer or increased OS and CSS in gastric cancer (also called stomach cancer).[@CIT0093] Among the important factors that cause the results of these indexes to be different, one can point out differences in patient characteristics, tumor type, and tumor biology. In general, according to reports, related articles, as well as animal and human models, the risk of cancer is reduced by the use of metformin, especially in diabetic patients.[@CIT0018]

Clinical trials of metformin in cancer therapy {#S0006}
==============================================

Several clinical studies have been conducted to improve the therapeutic response when using metformin.[@CIT0020],[@CIT0093] The goal of all these experiments was to investigate the ability of metformin to treat cancer. One of the greatest clinical trials conducted to date is called NCT01101438. NCT01101438 is a 3-phase experiment that examines the efficacy of metformin in the treatment of cancers such as breast cancer, non-metastatic cancers, and cancers with a low degree of malignity. According to the results of the study, metformin improved patients' progression-free survival (PFS).[@CIT0093] This trial was with 3,582 people and examined whether metformin in patients with a primary stage, non-metastatic breast cancer is superior to placebo. Patients received metformin twice a day for 5 years after diagnosis. Patients with prior use of metformin, insulin or other oral hypoglycemia were excluded. The results of the study showed that metformin improved patients' PFS.[@CIT0020],[@CIT0093] Also two phase II tests including pancreatic cancer were carried out. So far, gemcitabine combined with other agents has shown a modest, but statistically significant, benefit in OS in patients with advanced disease.[@CIT0020] The NCT01167738 trial registered 82 patients and examined a 6-month metformin daily dose without progression (PFS), in addition to the combination of chemotherapy (cisplatinum, epirubicin, capecitabine, and gemcitabine) compared to combined chemotherapy alone in patients with pancreatic cancer metastasis. Patients were excluded from the study if they had previously used metformin. NCT01210911 also registered 120 patients who were examined whether a dose of 1,000 mg twice daily in the 6-month period of metformin in combination with erlotinib and gemcitabine is more effective than the combination of these two agents in prolonging PFS. Consumers before metformin and patients with uncontrolled diabetes were also excluded from the study.[@CIT0020] A phase II trial employed 106 patients to study castration-resistant prostate cancers (NCT01215032) and tested whether metformin improves prostate-specific antigen (PSA) response (50% or more) in addition to androgen derivatives (ADT). Metformin was given twice a day for 12 months. In this study, diabetic patients or former metformin users were excluded from the study and glycemic control was a secondary outcome.[@CIT0020] One of the clinical trials that studies how well metformin works compared to placebo in treating patients with prostate cancer undergoing surgery is NCT01433913. This randomized phase II trial study reported that metformin may make some enzymes active. These enzymes may block other enzymes needed for cell growth and stop the growth of tumor cells. NCT01433913 studied varietal effects of metformin in a different condition, such as adenocarcinomas of the prostate and stage I, IIA and IIB prostate cancer. Also, NCT00659568 (a phase I trial) studied the side effects and best dose of metformin when given together with temsirolimus in treating patients with metastatic or unresectable solid tumor or lymphoma. One of the ongoing clinical trials is NCT01666730 (phase II trial) that studies the effects of metformin and some drugs in chemotherapy such as leucovorin calcium, fluorouracil, and oxaliplatin. According to this trial, drugs used in chemotherapy work in different ways to stop the growth of tumor cells, either by killing the cells or by stopping them from dividing. Giving metformin together with combination chemotherapy may kill more tumor cells. Other clinical trials are summarized and shown in [Table 2](#T0002){ref-type="table"}.

Metformin and radiation therapy {#S0007}
===============================

Several studies have shown increased intrinsic sensitivity of cells due to the use of metformin (in combination with radiotherapy), measured by markers such as phosphorylation of histone H2AX protein or olive tail moment.[@CIT0011] As mentioned before, metformin affects complex I of the electron transfer chain and thereby reduces oxygen consumption and increases ROS (reactive oxygen species) in the cell. As a result of increased ROS in the cell, damage to the DNA increases and the production of protein and fat decreases. There is also evidence of a metformin-induced reduction in glutathione in the cell.[@CIT0015],[@CIT0019] Glutathione, a (three amino acids) polypeptide, is in the antioxidant category and can prevent DNA damage. Therefore, metformin can increase the likelihood of damage to DNA. Hence, in general, metformin when used in combination with radiotherapy can cause damage to the DNA and the death of cancer cells by increasing the level of ROS.[@CIT0100]--[@CIT0103] A review of several articles and experiments suggests that the response to radiation therapy in cancer cells increases with metformin use. For example, in a study on a population of 504 patients with prostate cancer, the likelihood of recurrence of disease or malignity of the cancer was reduced in patients who used metformin (n=114). Several cases have been reported that patients with head and neck squamous cell carcinoma (HNSCC) who underwent radiotherapy (after surgery) showed no sign of illness recurrence.[@CIT0019],[@CIT0104]

According to a study conducted on two different statistical populations, patients with esophagus cancer (n=285) and patients with rectal cancer (n=472), using metformin with radiotherapy or chemotherapy increased the response of cancer cells to the treatment.[@CIT0011] So when metformin is used with chemotherapy, tumor volume and weight, as well as the growth of the cancer stem cells, decrease.[@CIT0011] In another group of patients with esophagus cancer, the response to radiation therapy was higher for those who received metformin (n=29) compared to non-diabetic (n=235) or diabetic patients who used other anti-diabetic drugs (n=21).[@CIT0067],[@CIT0104] Similar results are available for other patients with rectal cancer.[@CIT0019] A study was conducted on patients with rectal cancer who underwent chemoradiotherapy treatment with metformin from 2007 to 201.[@CIT0063] The statistical population of this study included three groups, diabetic patients using metformin (n=42), and diabetic (n=29) and non-diabetic patients (n=472) who did not use metformin. The result of the study showed that patients using metformin who were treated with chemoradiotherapy had a better response to treatment than the other two groups. One of the factors affecting the response of patients who did not use metformin is the high levels of insulin and insulin resistance. Several papers suggest that metformin increases cell sensitivity by lowering insulin levels, increasing apoptosis, increasing oxygen in the tumor, and increasing the damage to DNA, thereby causing the death of cancer cells.[@CIT0063]

Metformin can activate p53 by activating AMPK, thereby stopping the cell cycle. The expression of the p53 gene is regulated by AMPK, and the presence of AMPK leads to the expression of this gene. P53 gene is a tumor suppressor, and the activity of this gene leads to autophagy and apoptosis.[@CIT0004],[@CIT0015],[@CIT0024] Also, according to other related studies, radiotherapy for the treatment of cancer cells triggers a series of chain mechanisms that ultimately lead to a decrease or end of the cell cycle.[@CIT0105] This is very similar to the mechanism of metformin in cancer cells; both radiotherapy and metformin activate p53 gene. Metformin, like radiotherapy, activates the p53 gene, resulting in a rapid transcription of the p21 gene, which itself is a tumor suppressor. The activity of this gene results in the activity of the inhibitors of CDK (cyclin-dependent kinase), such as CDKN1A, which are barriers of cell division. This gene also forces the cell to apoptosis. Therefore, the p21 gene can reduce the proliferation of cancer cells and also stop the cellular cycle by regulating and applying therapy-induced cellular senescence (TCS).[@CIT0018],[@CIT0020],[@CIT0023],[@CIT0105]

In another study on three types of MEF (mouse embryonic fibroblasts), HCT16 (colon carcinoma) and A549 (lung carcinoma) cells, the use of radiotherapy (4 Gy) along with metformin reduced mortality and increased surviving fraction.[@CIT0023] Iliopoulos et al stated that breast, prostate, and lung cancer cells showed a greater response when chemotherapy was used along with metformin.[@CIT0010],[@CIT0106] Using radiotherapy along with metformin reduced the incidence of death by 48%, according to a study by Alan dal pra et al which was carried out on 4,000 diabetic men patients with prostate cancer.[@CIT0022] Moreover, they claimed that metformin causes tumor reoxygenation, and thereby the therapeutic response to radiotherapy will increase among patients with cancer (in terms of tumor hypoxia and resistance to radiation).[@CIT0022]

Conclusion and future vision {#S0008}
============================

According to the published results of clinical, experimental and animal models, the effectivity of metformin in cancer treatment is influenced by four different factors: 1) hypoxia of cancer cells;, 2) amount of cancer stem cells;, 3) intrinsic sensitivity of cells;, and 4) growth and proliferation of cancer cells. All the material and evidence available reflect the anti-tumor properties of metformin. This drug can be used as a complementary therapeutic agent for cancer treatment. Given the potential of metformin in the treatment of cancer, it can be safely used in radiotherapy and chemotherapy to improve therapeutic response in ADT (androgen deprivation therapy). According to published evidence, metformin can also be used for the prevention of various cancers types. Therefore, based on evidence, metformin can be used widely in relation to prostate, colon, rectum, breast, esophagus, pancreas, liver cancers, etc., which are epidemic in modern societies, because, according to all the reputable published data and articles, metformin can: 1) reduce the likelihood of cancer incidence; 2) reduce the mortality of cancers; 3) increase the response to treatment in cancer cells when using radiotherapy and chemotherapy; 4) reduce the tumor movement and malignity; 5) reduce the likelihood of relapse; 6) reduce the damaging effects of ADT. Moreover, metformin can be considered as an ideal candidate for cancer prevention, improvement in the treatment of cancers and non-malignancy of tumors. In order to achieve this, we need more extensive research and information about the antitumor effects of metformin in non-diabetic patients; and more information is required on biology and genetics of various cells and radiotherapy. This article is intended to take a step towards the better treatment of cancer and its related conditions, and early diagnosing or treatment of cancer patients, and in general improve , the well being of affected families in particular and societies in general.

Metformin is a very good option for treating cancer in a complementary way. The properties of metformin that have led to the extensive studies on it include its stability (lack of change), the fact that it causes no or negligible problems in the body, it has no or less interference with other therapies, it is cheap and is commonly available. However, the anti-tumor effects of metformin on hyperglycemia require more research and studies. Also, regarding the efficacy of metformin in the treatment of cancer, we need more information on the processes of AMPK, LKB1, mTOR, suppressors involved in the mechanism of metformin such as p53, p21, insulin levels and its mechanism of action in the cell, and the body mass index of the patients being treated.

One of the main points that should be discussed about metformin use in the treatment of cancer is genetic polymorphisms; more information is required in this area and this will be the future subject for in-depth studies. It is not clear why metformin improved the therapeutic response in some patients and did not change it in some other patients. There is no ambiguity in the response to treatment. Therefore, we need more information about the factors involved in the effectiveness of metformin in cancer treatment. One important point regarding the efficacy of metformin in the treatment of cells is that the tumor response to the treatment is heavily dependent on cell genetics, which needs our future consideration in thorough research and modern designs of therapies in cancer diagnosis and treatment worldwide.
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